Previous studies demonstrated that thrombin is an important factor in brain injury after intracerebral hemorrhage. This study investigated the effect of thrombin on hydrocephalus development in a rat intraventricular hemorrhage (IVH) model. There were three parts in this study. First, male Sprague-Dawley rats had an injection of 200 mL saline, autologous blood or heparinized blood, into the right lateral ventricle. Second, rats had an injection of 50 mL saline or 3U thrombin into the right lateral ventricle. Third, rats had an injection of thrombin (3U) with a protease-activated receptor-1 (PAR-1) antagonist, SCH79797 (0.15 nmol), or vehicle into the right lateral ventricle. Lateral ventricle volumes were measured by magnetic resonance imaging and the brains were used for immunohistochemistry and western blot analyses. Intraventricular injection of autologous blood induced hydrocephalus from day 1 to 28. Heparinized blood injection resulted in less hydrocephalus at all time points compared with blood injection alone (Po0.05). Intraventricular injection of thrombin caused significant hydrocephalus, ventricular wall damage, and periventricular blood-brain barrier disruption. Thrombin-induced hydrocephalus was reduced by co-injection of the PAR-1 antagonist SCH79797 (Po0.05). In conclusion, thrombin contributes to hydrocephalus development after IVH and thrombin-induced hydrocephalus is through PAR-1.
INTRODUCTION
Spontaneous or secondary intraventricular hemorrhage (IVH) is a marker of poor prognosis for hemorrhagic stroke. 1 Severe IVH, caused by extension from intracerebral hemorrhage (ICH) or subarachnoid hemorrhage (SAH), leads to hydrocephalus and has a greater risk of hemorrhage-associated morbidity. 2 Therefore, it is critical to understand the mechanisms of IVH-induced hydrocephalus.
Thrombin is a serine protease and an essential component in the coagulation cascade. Experimental investigations have indicated that thrombin formation has a major role in ICH-induced injury. [3] [4] [5] Thrombin is responsible for blood-brain barrier (BBB) disruption and early brain edema formation after ICH. Although thrombin inhibition has been shown to be neuroprotective in hemorrhagic stroke models, 6, 7 the role of thrombin in IVH-induced hydrocephalus is unclear.
The physiologic actions of thrombin are either nonreceptor mediated (for example, the cleavage of fibrinogen to fibrin) or receptor mediated. A family of protease-activated receptors (PAR) has been identified, of which PAR-1, PAR-3, and PAR-4 are activated by thrombin. Protease-activated receptor-1 is considered as the main subtype and is known as a thrombin receptor. 8 Protease-activated receptor-1 is also involved in thrombininduced brain damage after ICH. 9 In this study, we investigated the role of thrombin in hydrocephalus after IVH in rats. In addition, we evaluated the effect of SCH79797, a specific PAR-1 antagonist, on thrombin-induced hydrocephalus to clarify the role of thrombin receptor activation.
MATERIALS AND METHODS

Animal Preparation and Intraventricular Injection
Animal use protocols were approved by the University of Michigan Committee on the Use and Care of Animals. The University of Michigan has an Animal Welfare Assurance on file with the Office for Protection from Research Risks and is fully accredited by the American Association for the Accreditation of Laboratory Animal Care. The studies follow the Guide for The Care and Use of Laboratory Animals (National Research Council) and comply with the ARRIVE guidelines for reporting in vivo experiments. A total of 68 male Sprague-Dawley rats (3-month old, Charles River Laboratories, Portage, MI, USA), weighing 270 to 300 grams, were used in this study. Animals were anesthetized with pentobarbital (50 mg/kg, intraperitoneally) and the right femoral artery was catheterized to monitor arterial blood pressure, blood pH, PaO 2 , PaCO 2 , hematocrit, and glucose levels. Core body temperature was maintained at 37.51C with a feedbackcontrolled heating pad. Rats were then positioned in a stereotaxic frame (Kopf Instruments, Tujunga, CA, USA). A cranial burr hole (1 mm) was drilled and a 26-gauge needle was inserted stereotaxically into the right lateral ventricle (coordinates: 0.6 mm posterior, 4.5 mm ventral, and 1.6 mm lateral to the bregma). Blood, thrombin, or saline was injected using a micro infusion pump (World Precision Instruments, Sarasota, FL, USA). After injection, the needle was removed, the burr hole was filled with bone wax, and the skin incision was closed with sutures.
Experimental Groups
This study included three parts. Randomization was carried out. First, rats received a 200-ml injection of saline (n ¼ 8), autologous blood (n ¼ 8), or heparinized blood (5 units heparin, n ¼ 6) into the right lateral ventricle over 15 minutes. Serial magnetic resonance imaging (MRI) scanning was performed at days 1, 3, 8, 14 , and 28. Rats were euthanized at day 28 after IVH. Second, rats received an intracerebroventricular injection of 3 units rat thrombin (Sigma-Aldrich, St Louis, MO, USA) in saline or saline alone (50 mL) in 7 minutes, and were euthanized at 24 hours after MRI scanning. The brains were used for western blotting (n ¼ 6 for each group) and brain histology (n ¼ 6 for each group). Third, rats had an intracerebroventricular injection of 3 units of thrombin in 50 mL saline with PAR-1 antagonist, SCH79797 (0.15 nmol), or vehicle. Rats were euthanized at 24 hours after MRI scanning and the brains were used for western blotting (n ¼ 6 for each group) and histologic analysis (n ¼ 5 for each group).
Magnetic Resonance Imaging and Ventricle Volume Measurement
Rats were anesthetized with 2% isoflurane throughout MRI examination. Magnetic resonance imaging was performed in a 7.0-T Varian MR scanner (Varian, Palo Alto, CA, USA) with a T2 fast spin-echo sequence using a view field of 35 mm Â 35 mm and 25 coronal slices. Ventricular volumes were calculated as described previously. 10 Bilateral ventricles were outlined and the areas measured. Ventricular volume was calculated by summing the ventricle areas over all slices and multiplying by section thickness. All image analysis was performed using ImageJ program by a masked observer.
Ventricular Wall Damage Analysis
Ventricular wall damage was analyzed as described previously. 11 Briefly, brain sections underwent hematoxylin and eosin staining. The length of the ependyma that was disrupted or detached from the periventricular parenchyma was divided by the total ventricular surface perimeter. All analyses were performed using ImageJ software by a masked observer.
Transmission Electron Microscopy
Transmission electron microscopy was performed as previously described. 12 Anesthetized rats underwent intracardiac perfusion with 4% paraformaldehyde and 2.5% glutaraldehyde in 0.1 mol/L Sorensen's buffer (pH 7.4). Brains were removed and a 1-mm thick coronal brain slice including ipsilateral ventricular wall was cut with a blade 2 mm posterior to the bregma. Slices were immersed in the same fixative overnight at 41C and then post fixed with 1.0% OsO4 and dehydrated in graded ethyl alcohol. After dehydration, samples were infiltrated with propylene oxide, embedded in Epon, and sectioned. Ultra-thin sections were then stained with uranyl acetate and Reynold's lead citrate, and evaluated using a Philips CM 100 TEM and digitally imaged using a Hamamatsu (Hamamatsu City, Shizuoka, Japan) ORCA-HR camera.
Immunohistochemistry
Rats were anesthetized with pentobarbital (100 mg/kg, intraperitoneally) and perfused with 4% paraformaldehyde in 0.1 mol/L phosphate-buffered saline (pH 7.4). The brains were removed and kept in 4% paraformaldehyde for 24 hours and then immersed in 30% sucrose for 2 to 3 days at 41C. Brains were embedded in optimal cutting temperature compound (Sakura Finetek, Torrance, CA, USA) and 18-mm thick slices cut using a cryostat. Immunohistochemical studies were performed using the avidin-biotin complex technique as previously described. 13 The primary antibody was rabbit anti-HO-1(heme oxygenase-1) (1:400 dilution; Abcam, Cambridge, MA, USA). Hydrocephalus and role of thrombin F Gao et al
Western Blot Analysis
Western blot analysis was performed as previously described. 14 Briefly, brain tissue was immersed in western sample buffer and sonicated. Protein concentration was determined by the Bio-Rad (Hercules, CA, USA) protein assay kit and 50 mg protein from each sample was separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to a Hybond-C pure nitrocellulose membrane (Amersham, Pittsburgh, PA, USA). Membranes were probed with the following primary antibodies: goat antimouse albumin (1:10,000 dilution; Bethyl Laboratories, Montgomery, TX, USA) and rabbit anti-HO-1 (1:2,000 dilution; Abcam). Antigen-antibody complexes were visualized with the ECL chemiluminescence system (Amersham) and exposed to a Kodak X-OMAT film (Rochester, NY, USA). The relative densities of bands were analyzed with NIH ImageJ.
Statistical Analysis
Values are given as means ± s.d. Student's t-tests or Mann-Whitney U-tests were used to analyze the data. Differences were considered significant at Po0.05.
RESULTS
Physiologic parameters, including mean arterial blood pressure, blood gases, pH, hematocrit, and glucose were in normal ranges. Mortality was zero in this study.
Heparinized Blood Induced Less Ventricle Enlargement after Injection into the Lateral Ventricle Our previous data found that intracerebroventricular injection of blood causes hydrocephalus. 10 This was confirmed in the current study where injection of autologous arterial blood resulted in obvious hydrocephalus on MRI ( Figure 1A ). Lateral ventricular volumes in IVH rats were significantly larger than in rats receiving saline injection from day 1 to 28 (Po0.01, Figure 1B ). To examine whether the coagulation cascade has a role in IVH-induced hydrocephalus, heparin was co-injected with blood. This resulted in less hydrocephalus at all time points compared with rats receiving blood injection alone (Po0.05, Figure 1B) . Figure 2 ) and more severe ventricular wall damage (damage of ependymal layer, 17.9±1.7 versus 2.8±0.4% in saline control, Po0.01, Figure 3A) . Intraventricular injection of thrombin caused significant upregulation of HO-1, a stress protein, in the periventricular area at 24 hours (2105 ± 476 versus 399 ± 158 pixels in saline control, Po0.01, Figure 3B ). The periventricular levels of albumin, an indicator of BBB leakage, were significantly elevated in the brain after thrombin injection (2675±260 versus 536±136 pixels in saline control, Po0.01, Figure 3C ).
Thrombin-induced ependymal cell damage was examined by transmission electron microscopy ( Figure 4) . Thrombin caused swelling of ependymal nucleus and mitochondria, and loss of cilia.
SCH79797, a Specific PAR-1 Antagonist, Blocked ThrombinInduced Ventricular Enlargement and Brain Injury
To examine whether PAR-1 has a role in thrombin-induced hydrocephalus, SCH79797 was used. Co-injection SCH79797 with thrombin resulted in less ventricle enlargement (13.9±3.0 versus 25.7 ± 5.1 mm 3 in vehicle-treated group, Po0.01, Figure 5 ) and ventricular wall damage (5.7 ± 0.9 versus 16.4 ± 1.5% in vehicletreated rats, Po0.01, Figure 6A ). In addition, SCH79797 coinjection reduced thrombin-induced brain HO-1 upregulation (1335 ± 148 versus 3010 ± 353 pixels in vehicle-treated group, Po0.01, Figure 6B ) and BBB disruption (albumin levels: 1077±303 versus 3336±696 pixels in vehicle-treated group, Po0.01, Figure 6C ) in the ipsilateral periventricular area.
DISCUSSION
The major findings of this study are as follows: (1) thrombin contributed to hydrocephalus development after IVH; (2) intraventricular injection of thrombin caused hydrocephalus and periventricular injury; and (3) SCH79797, a specific PAR-1 antagonist, reduced the ventricular enlargement caused by thrombin.
Thrombin, a serine protease generated by the cleavage of prothrombin, is an essential component of the coagulation cascade and produced immediately in the brain after IVH.
Thrombin and iron are two major factors causing brain injury after ICH. 3 Our previous study showed that iron has a role in IVHinduced hydrocephalus with deferoxamine, an iron chelator, reducing hydrocephalus. 10 The present study demonstrated that coagulation cascade activation and thrombin formation after hemorrhage are also critical in hydrocephalus development after IVH. Thus, heparin could ameliorate IVH-induced hydrocephalus and intracerebroventricular thrombin could induce hydrocephalus. Thrombin-induced hydrocephalus is associated ventricular wall damage and BBB disruption. In the current study, 3 units rat thrombin was injected into the lateral ventricle. It is known that 0.2 mL of whole blood produces B52 to 72 units of thrombin and intracerebral infusion of 5 units of thrombin causes marked edema in the rat. 15 Thus, the amount of thrombin injected intracere- Hydrocephalus and role of thrombin F Gao et al broventricularly in this study was less than that which can be produced by the blood in the IVH model. However, it should be noted that thrombin may be slowly released from a hematoma and preliminary experiments with higher amounts of rat thrombin caused significant mortality. We noticed that autologous whole blood resulted in more severe hydrocephalus than that induced by thrombin alone. It suggests that other factors, including obstruction of cerebrospinal fluid (CSF) circulation and iron, may also contribute to hydrocephalus development after IVH. 10 At present, the mechanisms associated with ventricular dilatation induced by thrombin are uncertain. According to previous studies, acute hydrocephalus after IVH may be associated with impaired CSF circulation because of blood clots obstructing CSF outflow pathways, or the direct result of the hematoma mass effect. [16] [17] [18] An early primate study designed to examine CSF absorption resistance after SAH suggested an effect of coagulation on CSF absorption. It found that injection of autologous nonheparinized blood into the cisterna magna significantly retarded CSF absorption, whereas CSF absorption was less affected and resumed to normal levels soon after heparinized blood injection. 19 While such an effect might account for the impact of heparin on hydrocephalus in the current study, our finding that injection of thrombin in the absence of blood causes hydrocephalus suggests that thrombin has other effects. Intracerebroventricular injection of thrombin caused ependymal damage and there is increasing evidence that ependymal damage may lead to hydrocephalus development. 10, 11, 20 In addition, multiple mouse genetic models have shown hydrocephalus when ependymal cilia are absent or dysfunctional. 21 Therefore, ependymal damage and abnormal The cellular signaling effects of thrombin are through three receptors, PAR-1, -3 and -4, but PAR-1 is generally the main thrombin receptor. In the current study, we found that SCH79797, a specific PAR-1 antagonist, significantly reduced intracerebroventricular thrombin-induced ventricular dilatation, ependymal damage, and BBB disruption. Our results indicate that thrombin-induced hydrocephalus is, at least in part, mediated by PAR-1. Because of the role of thrombin in stopping bleeding, direct thrombin inhibitors that block fibrinogen cleavage are an unattractive therapeutic target for limiting IVH-induced hydrocephalus. Our study suggests that PAR-1 antagonists, that do not directly affect coagulation, have similar effects on hydrocephalus development and might be a better therapeutic target. Recently, Yan et al 22 found that SCH79797 also reduces brain microvascular injury after SAH. Future studies should determine whether SCH79797 can reduce IVH-induced hydrocephalus.
The effects of intracerebroventricular thrombin were not limited to the ependymal layer. Thrombin also caused periventricular upregulation of HO-1, a stress protein. Heme oxygenase-1 has a complex role after brain hemorrhage. The exact mechanisms of thrombin-induced HO-1 upregulation are still unclear, but HO-1 is regulated by hypoxia-inducible factor-1 alpha and our previous study found that thrombin is able to upregulate that transcription factor. 23 Increased brain HO-1 levels may contribute to brain iron overload, resulting in brain damage after ICH and SAH. 3, 11 However, HO-1 could be protective. 24 Therefore, the precise role of HO-1 in IVH and hydrocephalus needs to be determined. Thrombin also caused a marked increase in periventricular albumin, a marker of BBB disruption. Liu et al. 25 also found that intraventricular injection of thrombin (20 U from bovine plasma) in rat caused BBB breakdown and Sugawara et al 7 found that argatroban, a thrombin inhibitor, ameliorated BBB disruption, brain, inflammation, and apoptosis in a rat SAH model. Whether the BBB dysfunction after intracerebroventricular thrombin might contribute to hydrocephalus development is uncertain. It has been suggested that some CSF absorption may occur across the BBB, 26 but this is controversial. The BBB disruption may contribute to periventricular parenchymal cell damage and inflammation.
The current study focused on the role of thrombin in adult IVH. However, germinal matrix hemorrhage is common in premature infants, where it is a major cause of cerebral palsy. In a rodent neonatal germinal matrix hemorrhage model, Lekic et al 27 found that IVH resulted in an increase of thrombin and hydrocephalus. The role of thrombin and PAR-1 in hydrocephalus after neonatal IVH should be the subject of further investigation.
In conclusion, the present study revealed that thrombin contributes to hydrocephalus development after IVH and thrombin-induced hydrocephalus and periventricular injury is through thrombin receptor, PAR-1.
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